INTRODUCTION
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Physiological functions of COS are not well understood. It was reported that COS supplementation improved daily BW gain in weanling pigs (Otsuka et al., 2004) and calves (Hasunuma et al., 2011) . However, to our knowledge, there are no reports about the effects of COS on the intestinal barrier function. In the present study, we investigated the effects of dietary inclusion levels of COS on intestinal microbiota and epithelial barrier function in early-weaned pigs.
MATERIALS AND METHODS

Experimental Design and Sample Collection
All procedures were approved by the Institutional Animal Care and Use Committee of Zhejiang University. A total of 144 piglets (Duroc × Landrace × Yorkshire; male to female ratio = 1), with a BW of 6.13 ± 0.13 kg (mean ± SE) and weaned at 21 ± 1 d age, were allotted to 4 treatments. Each treatment had 6 pens of 6 piglets. The pigs received the same basal diet and COS was added to the basal diet at 0, 1.5, 3.0, and 4.5 g/kg diet, respectively. The COS, which was manufactured by enzymatic hydrolysis of wheat straw, was provided by Feed Research Institute, Chinese Academy of Agricultural Sciences (Beijing, China). Fluorophore-assisted carbohydrate electrophoresis was used to test the separated single-component oligosaccharides and electrospray time-of-flight mass spectrometry was used to detect their molecular weights. The COS product contained 84.2% cellobiose, 4.2% cellotriose, 2.3% cellotetraose, and 9.3% glucose. Diets were formulated according to the NRC (1998; Table 1 ). The piglets were given ad libitum access to feed and water. The feeding experiment lasted 14 d. Feed intake was recorded daily. Average daily gain, ADFI, and G:F ratio were calculated per pen.
On Day 14 of the feeding trial, 6 piglets closest to the average BW from each treatment (1 pig per pen) were euthanized with an intravenous overdose of pentobarbital via a catheterized ear vein as described by Moeser et al. (2007) . Blood samples were collected from the anterior vena cava into tubes containing sodium heparin and immediately mixed to avoid coagulation. Plasma was obtained after centrifugation at 3,000 × g for 15 min at 4°C and then stored at -80°C until analysis. Segments of the mid jejunum (midpoint between the pylorus and the ileocecal valve) and proximal colon (beginning 15 cm distally from the ileocecal valve) were immediately harvested and prepared for Ussing chamber studies. Samples of the proximal jejunal and proximal colonic contents were collected for intestinal microbiota analysis. Mucosal samples from the proximal jejunum and proximal colon were collected using a glass slide, rapidly frozen in liquid nitrogen, and stored at -80°C for further analysis.
Intestinal Microbiota
16S rRNA-based methods were used for the abundances of Bifidobacterium, lactobacilli, Escherichia coli, Streptococcus suis, and total bacterial. Total DNA was extracted from jejunal and colonic contents using a TIANamp Stool DNA Kit (Tiangen Biotech, Beijing, China) according to the manufacturer's instructions. The amount and quality of DNA were measured at 260 and 280 nm using ND-1000 spectrophotometer (NanoDrop Technologies, Wilmington, DE). The primers of the total bacteria, Bifidobacterium, lactobacilli, E. coli, and S. suis are shown in Table 2 . The quantification of DNA for each bacterial species was performed with a 7500 Real-Time PCR system (Applied Biosystems, Foster City, CA) using Fast SYBR Green Master Mix (Applied Biosystems). Each standard dilution and samples were assayed in triplicate in a 20-μL reaction mixture containing 10 μL of Fast SYBR Green Master Mix, 1 μL 25 pmol/μL of each primer, 7 μL nuclease-free water, and 1 μL of 50 ng/μL DNA template. Polymerase chain reaction amplification was performed with an initial denaturation step of 95°C for 10 min, 40 cycles of 95°C for 3 s, and 60°C for 1 min. For SYBR-Green amplifications, a melting step was added to improve amplification specificity. Standard curves were generated as described by Li et al. (2009) . The concentration of 16S rRNA gene abundance was plotted against the cycle threshold value.
d-Lactic Acid and Diamine Oxidase
The levels of diamine oxidase (DAO; Enzyme Commission number 1.4.3.6) and d-lactate were used as indices of intestinal mucosal injury in weaned piglets. The levels of d-lactic acid in plasma were determined by d-lactic acid colorimetric assay kit (BioVision Inc., Milpitas, CA). Diamine oxidase activities in plasma and intestinal mucosa were measured using an enzymatic spectrophotometric assay as described by Hu et al. (2012) . Diamine oxidase activities in plasma and intestinal mucosa were expressed as units/milliliter and units/milligram mucosa, respectively.
Ussing Chamber Experiment
Mid jejunum and proximal colon were stripped from the seromuscular layer in oxygenated Ringer's solution. Two replicate chambers per pig were assessed. Tissues were mounted in EasyMount Ussing chamber system (model VCC MC6; Physiologic Instruments, San Diego, CA) as previously described (Hu et al., 2013a,b) . The clamps were connected to Acquire and Analyze software (Physiologic Instruments) for automatic data collection. After a 20-min equilibration period on Ussing chambers, transepithelial electrical resistance (TER) was recorded at 15-min intervals over a 1-hr period. The epithelial barrier function was measured by the fluxes of fluorescein isothiocyanate dextran 4 kDa (FD4) and horseradish peroxidase (HRP) across the epithelium as previously described (Boudry et al., 2002; Hu et al., 2013a) . The probe FD4 (FD4-100MG; Sigma-Aldrich, St. Louis, MO) and HRP (P8375-1KU, type VI; Sigma-Aldrich) were added to the mucosal side at the final concentration of 0.4 mg/mL. The samples were taken from the serosal side of tissues. The concentration of FD4 was measured by fluorescence microplate reader (FLx800; BioTek Instruments, Inc., Winooski, VT, USA); the excitation and extinction wavelengths were 492 and 520 nm, respectively. The concentration of HRP was determined by assaying its enzyme activity according to the procedure described by Boudry et al. (2002) . Mucosal-toserosal flux of FD4 and HRP were expressed as micrograms per square centimeter per hour.
Tight Junction Proteins Expression
Tight junction protein expressions of zonula occludens-1 (ZO-1) and claudin-1 were measured by western blotting as described by Hu et al. (2013a) . Briefly, the total protein was extracted as directed by the instructions of a total protein extraction kit (KGP2100; Keygen Biotech, Nanjing, China). Intestinal mucosa proteins were separated on a polyacrylamide gel and transferred onto polyvinylidene difluoride membranes (Millipore, Bedford, MA). The membranes were incubated 12 h at 4°C with primary antibodies and then with the secondary antibody for 120 min at 25°C. The primary antibodies (goat polyclonal claudin-1 antibody, rabbit polyclonal ZO-1 antibody, and β-actin rabbit antibody) were purchased from Santa Cruz Biotechnology (Santa Cruz, CA). The catalog numbers of 3 primary antibodies are sc-17658, sc-10804, and sc-7210, respectively. The secondary antibody was goat antirabbit IgG-HRP (catalog number sc-2004; Santa Cruz Biotechnology) and rabbit anti-goat IgG-HRP (catalog number sc-2768; Santa Cruz Biotechnology). Western blot was detected with an enhanced chemiluminescence The β-actin was used as an internal control, which exhibited no difference between the groups. The value of protein expression was the ratio of the densitometry units of tight junction protein and β-actin.
Statistical Analysis
Statistical analysis was performed by the SPSS 9.0 statistical package (SPSS Inc., Chicago, IL). Polynomial contrasts were used to determine the effects of dietary COS inclusion level. Effects were considered significant at P < 0.05. The results of intestinal microbiota tests and intestinal barrier integrity tests were statistically evaluated by ANOVA (linear mixed models), taking into account the fixed effects of group (incremental COS inclusion), intestine (proximal jejunum or proximal colon), and the group × intestine interaction as well as the random effect of animal.
RESULTS
Growth Performance
Growth performance of piglets fed different levels of dietary COS is presented in Table 3 . Supplementation with COS had no effect (P > 0.05) on ADG, ADFI, and feed conversion ratio.
Intestinal Microbiota
Intestinal microflora of pigs is presented in Table 4 . Incremental COS inclusion in the diet increased lactobacilli in jejunum and colon (P < 0.05) and decreased S. suis in jejunal contents (P < 0.05) and S. suis and E. coli in colonic contents (P < 0.05). Significant differences were observed between proximal jejunum and proximal 2 Data were analyzed by linear mixed model taking into account the fixed effects of group (incremental COS inclusion), intestine (proximal jejunum or proximal colon) and the group × intestine interaction as well as the random effect of animal. For significant effects of these factors, P-values (P < 0.05) are indicated in the last 3 columns. NS = not significant. colon in intestinal microflora (P < 0.05). No interactions were found between intestinal segments and dietary treatments for intestinal microflora (P > 0.05).
d-Lactic Acid and Diamine Oxidase
Plasma d-lactic acid concentration and DAO activity in weaned pigs are presented in Table 5 . Incremental COS inclusion in the diet reduced plasma DAO (linear, P < 0.001, and quadratic, P < 0.001) and increased jejunal mucosa DAO (linear, P = 0.003, and quadratic, P = 0.008). Table 6 shows the intestinal barrier function of piglets, which is reflected by TER and the mucosal-to-serosal fluxes of FD4 and HRP measured in Ussing chambers. Incremental COS inclusion in the diet increased colonic TER (P < 0.05) and decreased FD4 flux of jejunum and colon (P < 0.05). Significant differences were observed between proximal jejunum and proximal colon in the intestinal barrier function (P < 0.05). No interactions were found between intestinal segments and dietary treatments for intestinal barrier function (P > 0.05). Figure 1 shows the protein expression levels of claudin-1 and ZO-1 in jejunal and colonic mucosa of piglets. The protein expression level of claudin-1 in jejunal mucosa was increased linearly (P = 0.001) and quadratically (P = 0.003) with increasing COS supplement level. The protein expression levels of claudin-1 and ZO-1 in colonic mucosa were increased linearly (P = 0.001 and P = 0.001) and quadratically (P = 0.001 and P = 0.002) with increasing COS supplement level. The protein expression levels of claudin-1 and ZO-1 in jejunal and colonic mucosa of piglets fed the 3 g COS/kg diet did not differ from those fed the 4.5 g COS/kg diet (P > 0.05).
Intestinal Barrier Function
Tight Junction Proteins Expression
DISCUSSION
Under commercial conditions, early weaned piglets frequently encounter poor appetite, lower feed intake, and stunted growth after weaning (Wijtten et al., 2011; Hu et al., 2013b) . The manipulation of intestinal function and microbial habitat has been recognized as an important way to improve growth performance of weaned pigs (Yang et al., 2012) . Numerous investigations have been conducted to study the effects of oligosaccharides on health of young animals (Gibson and Roberfroid, 1995) . 1 Data were analyzed by linear mixed model taking into account the fixed effects of group (incremental COS inclusion), intestine (proximal jejunum or proximal colon) and the group × intestine interaction as well as the random effect of animal. For significant effects of these factors, P-values (P < 0.05) are indicated in the last 3 columns. NS = not significant.
2 TER = transepithelial electrical resistance.
Some oligosaccharides have been shown to improve growth performance in weaned pigs (Yang et al., 2012; Zhao et al., 2012) . Cello-oligosaccharide is a functional oligosaccharide linked between glucose monomers with β-1,4-glucoside. Physiological functions of COS are not well studied, because the method of mass production for COS has not been established until now (Hasunuma et al., 2011) . In the present study, we found that COS had no effect on growth performance during the 2 wk after weaning. Otsuka et al. (2004) reported that COS supplementation significantly improved daily BW gain during the 4 wk after weaning; however, the daily gain was not significantly higher in pigs fed COS in the first 2 wk, which was consistent with our observation. Weaning stress can result in an imbalance of the intestinal microbiota, which allows opportunistic pathogens to multiply and cause intestinal disorders (Su et al., 2008) . Weaning removes young pigs from the passive immune protection from the milk of the sow and increases their susceptibility to enterotoxigenic E. coli infection (Castillo et al., 2007) . It was reported that weaning stress increased the E. coli:lactobacilli ratio (Konstantinov et al., 2006; Castillo et al., 2007) . Su et al. (2008) found that the abundance of lactobacilli declined significantly whereas the potentially harmful S. suis was increased after weaning (21 d postpartum). The COS escapes enzymatic digestion and forms a substrate for the gastrointestinal microflora, because the β-linkages between glucose monomers cannot be hydrolyzed by enzymes of endogenous origin (Watanabe, 1998) . In the in vitro studies, COS was shown to affect organic acid generation by mixed ruminal bacteria (Callaway and Martin, 1997; Lila et al., 2006) . It was reported that COS feeding changed the intestinal short-chain fatty acid profiles in weaned pigs (Otsuka et al., 2004) and calves (Uyeno et al., 2013) . Therefore, we expected that COS would have benefits on intestinal microbiota when administered to weaned piglets. The current study demonstrated for the first time that dietary COS supplementation successfully increased the population of lactobacilli and decreased the counts of E. coli and S. suis in intestinal contents.
An intact intestinal barrier plays a central role in preventing the translocation of intestinal bacteria and the entering of toxic or allergenic substances from the gut into the body (Montagne et al., 2007; Wijtten et al., 2011) . Diamine oxidase and d-lactate are normally present in very small amounts in the circulation (Wolvekamp and de Bruin, 1994) . When the intestinal barrier function is compromised, increased mucosal permeability allows more DAO and d-lactate to enter the peripheral circulation. Plasma DAO and d-lactic acid have been proposed as circulating markers for monitoring the extent of intestinal barrier injury (Fukudome et al., 2014; Nielsen et al., 2011) . A large body of evidence has demonstrated that the early weaning process is associated with impaired intestinal barrier function of piglets (Smith et al., 2010; Hu et al., 2013b; McLamb et al., 2013) . No report on the effects of COS on intestinal barrier function has been published. The present study showed that COS supplementation increased jejunal mucosa DAO whereas it reduced plasma d-lactate and DAO, indicating the intestinal mucosal maturation and barrier function were improved by COS feeding. In the current experiment, we also used the Ussing chamber technique to measure intestinal barrier function. Transepithelial electrical resistance is considered to reflect the opening of the tight junctions between epithelial cells (Hu et al., 2013a,b; Wijtten et al., 2011) . A decreased TER reflects increased paracellular permeability. The flux of intact FD4 across the intestinal epithelium occurs mainly through paracellular pathways (Hu et al., 2013a,b; McLamb et al., 2013 ). An increased flux of FD4 reflects impaired intestinal barrier. The results showed feeding COS increased TER and decreased FD4 flux across the epithelium, indicating the barrier function related to paracellular transport was improved. The intestinal microflora data showed that COS exerted a preferential stimulatory effect on lactobacilli whereas it suppressed E. coli and S. suis. Such changes in microbial ecosystem in the presence of COS might contribute to the observed effects on intestinal barrier function.
The intestinal barrier is mainly formed by a layer of epithelial cells joined together by tight junctions (Günzel and Alan, 2013; Hu et al., 2013a,b) . Tight junction proteins, such as claudins, occludins, and zonula occludens, form the tight junction at the boundary of 2 adjacent cells, working as a rate-limiting step in the paracellular pathway and forming a selectively permeable barrier (Hu et al., 2013a,b) . Detection of tight junction proteins reflects the condition of the tight junctions and intestinal mucosa barrier. Our previous study showed that compared with the preweaning stage, the expressions of claudin-1 and ZO-1 in piglets were decreased after weaning (Hu et al., 2013b ). In the current experiment, consistent with improved intestinal barrier function, COS supplementation increased claudin-1 and ZO-1 in intestinal mucosa. It has been reported that weaning in piglets is also associated with a transient inflammation of the gut Hu et al., 2013b) . The intestinal myeloperoxidase and alkaline phosphatase are key markers of gut inflammation and anti-inflammation, respectively (Chatelais et al., 2011; Lallès, 2014) . The effect of COS on these key markers would be further analyzed to determine whether COS affected gut inflammation.
In conclusion, COS supplementation exerted a preferential stimulatory effect on lactobacilli whereas it suppressed E. coli and S. suis. Such changes in microbial ecosystem in the presence of COS might contribute to the improvement in intestinal barrier function and tight junction proteins. Results also indicate that the appropriate dietary COS inclusion level was 3.0 g/kg in weaned pig diets under our trial conditions.
